ABSTRACT A compact magnetic-mirror confined electron cyclotron resonance plasma source for lowdamage plasma processings was developed, especially aiming for the realization of high-quality silicon nitride film formation for the sub-micron complementary metal-oxide semiconductor device processes in the minimal fab system. The developed plasma source was installed in the minimal tool, and deposition of silicon nitride film was performed. The magnetic mirror confinement method worked well to excite the high-density plasma with low plasma excitation power of 10 W or less. By adopting the substrate position slightly apart from the core plasma region with the pressure range of 25 Pa, the silicon nitride film having the similar N/Si ratio to the ideal value of Si 3 N 4 could be obtained in the room-temperature deposition. Under this condition, impurity concentration of oxygen in the film could be suppressed less than 1%, which was even smaller than that in the controlled low-pressure chemical-vapor deposited film at 750 • C.
I. INTRODUCTION
Reduction in ion-bombardment damages of semiconductor substrate in plasma processings is always the important issues for realizing high-performance semiconductor devices. Ions are injected from plasmas to the substrate surface with a kinetic energy gained by the acceleration by the plasma potential, inducing ion-bombardment damages. To reduce such damages, increasing the distance between the plasma region and the substrate is a rational method. However, this induces the deterioration in the process performance due to the reduction in the flux of reactive species subject to the substrate surface, owing to their deactivation by the collisions with other molecules during the travel to the substrate. Thus, the above issue includes trade-off relation, making it difficult to realize damage-free plasma processes. To overcome such the difficulty, we have proposed a new compact plasma source [1] using the magnetic mirror confinement which is the wellknown concept in a field of fusion plasmas [2] , [3] . In the new system, magnetic mirror field is produced using the permanent magnet, and electron cyclotron resonance (ECR) plasma was excited using a 5.8-GHz microwave. It has been confirmed that the mirror-field confined high-density plasma could be successfully produced, and furthermore, for the outside region of the core plasma where a substrate for plasma processings will be set at, the ion flux was decreased dramatically with distance from the core plasma and became smaller by approximately two orders of magnitude that in the core plasma region [1] . These results suggested the realization of reduction in ion bombardment damages.
Recently, the new system is being developed to install to a minimal fab tool used in the minimal fab system [4] . Here, the minimal fab system is the new IC fabrication system using the half-inch wafer and the clean-localized 2168-6734 c 2017 IEEE. Translations and content mining are permitted for academic research only.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. VOLUME 6, 2018 small process machines which can eliminate a need of clean room. The investment cost can be reduced by 1/1000 compared to the current 300-mm wafer mega fab system. In the minimal fab system, high-quality plasma-enhanced chemical vapor depositions (PECVD) is strongly required to realize high performance Si complementary metal-oxidesemiconductor (CMOS) devices with a miniaturized design rule. Especially, realization of the high-quality silicon nitride film formation is indispensable for forming the side-wall film at the gate. Furthermore, not only for the minimal fab system, the realization of high-quality nitride film formation at low temperature is attractive for various fields of the high-performance Si CMOS devices [5] - [7] , the solar sells [8] , [9] , the Si CMOS-based optical waveguide system [10] , [11] , as well as the micro electro mechanical systems (MEMS) [12] . Generally, nitride compound has high melting temperature, thus, it is known that high temperature is required to obtain high-quality film. Plasma is very useful to reduce the process temperature by using the highly-reactive nitride species generated in the plasma. We have reported in the conference the preliminary results of the new plasma source used for the minimal fab system. However, the plasma chamber was not installed in the minimal frame. Recently, we succeeded in the operation of the film deposition processing using the minimal tool in which all the components such as the plasma source, the waveguide system, the microwave power supply, the gas supply system, and the evacuation system were installed in the minimal frame. In this paper, we discuss the new plasma source used as the minimal tool, and the results of silicon nitride film depositions on the half-inch wafer are demonstrated.
II. PROCESS
EQUIPMENT AND EXPERIMENTAL PROCEDURE A. PLASMA SOURCE Fig. 1 shows a schematic view of the newly developed magnetic-mirror confined plasma source. The magnetic mirror field was generated by a Nd-Fe-B permanent magnet. The magnet system is basically axisymmetric (a central axis is defined in the figure). The magnetized directions of the magnets are denoted by black arrows. An axial distribution of the magnetic field strength on the central axis was shown in the figure. The maximum and the minimum magnetic fields were 0.43 T at the axial position of ±50 mm and 0.085 T at the center (midplane), respectively. ECR Plasmas were excited using a 5.85-GHz microwave which satisfies the ECR condition with the magnetic field strength of 0.21 T. The ECR position was denoted in Fig. 1 . As can be seen in the photograph of plasma in Fig. 1 , the magnetically confined mirror plasma was successfully produced. To investigate plasma properties of the new plasma source, we measured the electron density of the Ar plasmas at the center position using the Langmuir probe, which will be discussed later. The wafer is set at the neighborhood of the confined plasma (not inside of the plasma), to supply high-density neutral reactive species produced by the high-density plasma (neutral species can escape from the plasma), while ion flux can be suppressed because the wafer was set at the outside of plasma, resulting in the reduction in ion-bombardment induced plasma damages. We defined a distance between the central axis and the wafer substrate as C-S distance, as shown in Fig. 1 . The C-S distance will be used later when we discuss the deposition results. Fig. 2 shows photographs of the main frame of the developed minimal tool incorporating the new plasma source. The plasma source, the waveguide system, the microwave power supply, the gas flow control system, and the evacuation system (including the auto pressure control system, the turbo molecular pump and the back pump) could be successfully installed into the main flame. The maximum applicable power of 5.8-GHz microwave is 100 W. The stage temperature can be heated up to 400 • C (in this experiment, the heater was not used). For the gas supply system, the flow control system with 4 lines are used. For the deposition process, Ar, SiH 4 , N 2 , H 2 can be supplied to the chamber, whereas Ar and NF 3 are supplied in the cleaning processes. One of the four lines is shared by N 2 (for the film deposition) and NF 3 (for the cleaning) by a selector switch valve at the upstream of the flow control system.
B. INSTALLATION INTO THE MINIMAL FAB MAIN FRAME

C. SILICON NITRIDE FILM DEPOSITIONS
Silicon nitride films were deposited on the half-inch Si wafer by exciting Ar/SiH 4 /N 2 /H 2 plasma, and the film properties were evaluated. As described before, the stage temperature was room temperature (RT) without heating in this VOLUME 6, 2018 513 experiment. To investigate the film properties, the thickness and the refractive index (at 633 nm) of the films were determined by the spectroscopic ellipsometry. The elemental ratio of the film was investigated using X-ray photoelectron spectroscopy (XPS). Also, the wet etch stability of the films against the diluted HF (5%) was investigated. The results were compared with those for the controlled silicon nitride film obtained by the conventional low-pressure CVD (LPCVD) at high temperature (750 • C).
III. RESULTS AND DISCUSSIONS
A. PLASMA PROPERTIES Fig. 4 shows the deposition rate and the refractive index of the deposited films as a function of the C-S distance. Photographs of the inside of the camber during the deposition were also shown. The C-S distance was changed from 10 mm to 25 mm. As can be seen in the photographs in the figure, the wafer almost adjoined the core plasma for the C-S distance of 10 mm. As the C-S distance increases from 10 mm, the wafer departed from the core plasma. The gas flow conditions were Ar/SiH 4 /N 2 /H 2 =2.5/1.2/5/2.5 sccm at 1.33 Pa. The applied microwave power was 2 W. Practical deposition rate of few tens of nm/min could be obtained even for the low microwave power of 2 W, suggesting that magnetic-mirror confined high-density plasma worked well to generate reactive species with high efficiency. It has been confirmed that the refractive index of the controlled LPCVD film was 2.03. It was found that the film deposited at the C-S distance of 14 mm had the maximum refractive index value which was almost the same as that of the controlled sample of LPCVD film. The lower refractive index for the shorter C-S distance might be induced by plasma damage, while that might be induced from deactivation of reactive nitride species due to the larger C-S distance. Previous simulation study [13] has shown that, in the remote plasma CVD system, the reactive species such as NH radicals as well as the excited rare gases (Ar * or He * ) were decreased rapidly as the position became apart from the Ar(He)/SiH 4 /NH 3 plasma zone. Our results might be related to such phenomena. Hereafter, the C-S distance of 14 mm was adopted in this study.
B. SILICON NITRIDE FILM PROPERTIES
To discuss the film quality in more detail, we investigated the wet etching rate against the diluted HF (5%) for the films deposited for the wide pressure range. Fig. 5 shows the refractive index and the diluted-HF (5%) etching rate as a function of the working pressure during the depositions. The condition of gas flow rate was the same as that shown in Fig. 4 . The applied microwave power was 2 W for the pressure less than 10 Pa, whereas that was 10 W for the pressure of 10 Pa or more. For such the applied power level, the deposition rate could be kept at larger than 25 nm/min for all the pressure range shown in Fig. 5 . In the graph, the 514 VOLUME 6, 2018 etching rates for the thermally grown SiO 2 film (approximately 40 nm/min) and the controlled LPCVD silicon nitride film (approximately 4 nm/min) were denoted for reference. The results suggested that the etching rate against the HF solution was dramatically reduced, i.e., the wet etch stability against the HF solution was greatly improved by increasing the working pressure. At the same time, however, refractive index increased with the increase of working pressure, and that become approximately 2.7 for the film deposited at 25 Pa. As discussed later, this increase in the refractive index might be induced by the increase in Si composition ratio in the film. Because the wet etch stability against the HF solution was improved for the film deposited at 25 Pa, we tried to further optimize the deposition condition at 25 Pa. Fig. 6 shows the refractive index and the diluted-HF (5%) etching rate as a function of SiH 4 flow rate for the film deposited at 25 Pa. The flow rates of other geses of Ar, N 2 and H 2 were 2.5 sccm, 5 sccm and 1.2 sccm, respectively. The applied microwave power was 10 W. The results suggested that the refractive index could be controlled by adjusting the SiH 4 flow rate, and the film with refractive index of approximately 2 could be obtained for the SiH 4 flow rate range from 0.4 sccm to 0.5 sccm. In such the condition, the diluted-HF (5%) etching rate was ranged from 120 nm/min to 200 nm/min, which was still larger by a few times than that for the thermally grown SiO 2 film, and much larger than that for the controlled LPCVD film. However, the observed wet etching rate (120 ∼ 200 nm/min) for the film deposited at 25 Pa was much smaller than that for the film with the refractive index of 2 deposited at 1.33 Pa (approximately 800 nm/min), showing the improvement in the wet etch stability. Further investigation to improve the wet etch stability will be done in the near future, including carrying out the deposition at raised temperature.
Next, the elemental ratio of the deposited films is discussed using the results of XPS measurements. 2 sccm) . In such the gas conditions, the refractive index for the latter two PECVD films was approximately 2 (see Fig. 5 and Fig. 6 ). It was found from Fig. 7(b) that the low-pressure (1.33 Pa) deposited film had relatively higher Si component and lower N component compared to the other films, suggesting that the reactive nitriding species was insufficient during the deposition. Instead, this film considerably included oxygen with the concentration of approximately 6%. By taking into account that the refractive indices of Si and SiO 2 respectively are 3.88 and 1.46, it is reasonable to have the refractive index of 2 for the 1.33-Pa deposited film consisting of Si-rich VOLUME 6, 2018 515
nitride and oxidized silicon. Because the depth profile of oxygen was almost constant, this oxygen component might not be induced from the oxidation by air after unloading the wafer. During the deposition, a level of residual impurities of oxidizing species such as air and moisture was estimated to be 20 ppm by taking into account of the ultimate pressure (order of 10 −5 Pa), the chamber volume and the total gas flow rate. Therefore, it was suggested that oxidation by these impurities took place due to the insufficient nitriding capacity at the low pressure of 1.33 Pa. On the other hand, for the high-pressure (25 Pa) deposited film, the composition ratios of Si and N were similar to that of the LPCVD film, as can be seen in Figs. 7(a) and 7(c). Furthermore, it was remarkable that the 25-Pa deposited film had little oxygen content with a level of detection limit of the XPS measurement (less than 1%). Such a low oxygen concentration was even smaller than that of the LPCVD film (approximately 2%). Because the total gas flow rate was almost the same as that in the low-pressure case, the residual impurity level in the chamber during the film deposition was also the same level in both the pressure case. Thus, the results suggested that the nitridation process worked much better at 25 Pa than at 1.33 Pa with preventing the growing film surface from being oxidized by the residual impurities of oxidizing species during the deposition. Detailed mechanism of nitridation in this system should be investigated in more detail in the future. Fig. 8 shows the N/Si ratio obtained from the XPS measurement as a function of SiH 4 flow rate for the 25-Pa deposited films. The flow rates of Ar, N 2 and H 2 , and the applied microwave power were the same as those shown in Fig. 6 (and Fig. 7(c) ). The N/Si ratio decreased for the higher SiH 4 flow rate, hence, the Si-rich film was formed by increasing the SiH 4 flow rate, which corresponded to the increase in the refractive index with the increase of the SiH 4 flow rate shown in Fig. 6 .
IV. CONCLUSION
A compact magnetic-mirror confined ECR plasma source for realizing the low-damage plasma processings was developed. In this system, a substrate is set in the neighborhood of confined core-plasma, so that high-density reactive species can be supplied to a substrate with minimizing the ion bombardment damages. The new plasma source was applied to the minimal fab system which uses the half-inch wafer and the clean-localized small process machines in the semiconductor manufacturing. Especially, the new system is being developed to realize high-quality silicon nitride film formation for the sub-micron CMOS device processes in the minimal fab system. The silicon nitride film having the similar N/Si ratio to that of Si 3 N 4 could be obtained in the room-temperature deposition by adjusting the SiH 4 flow rate at 25 Pa. It was also found that the impurity concentration of oxygen in the film could be suppressed less than 1%, which was even smaller than that in the controlled low-pressure chemical-vapor deposited film at 750 • C. The proposed technology will greatly contribute to not only further developing the minimal fab system but also realizing high-quality plasma processings.
